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AB S T R A CT  
The Jc(H) of nano-Al doped MgB2 samples has been calculated from M(H) loop 
measurements at different temperatures. Normalized volume pinning forces as a function 
of the reduced field have been analyzed at different temperatures and doping level which 
was taken from the Jc(H) data. The modified scaling law was used as discussed by the 
Eisterer to analyze the pinning forces. This law was compared with the scaling law used 
by the Fietz and co-worker.  The grain boundary pinning is found the dominant pinning 
mechanism in all the doped samples and exhibit the scaling behavior. The XRD and 
temperature dependence of resistivity confirms the successful substitution of nano-Al at 
Mg sites. The results endorse that the magnetic anisotropy decreased from pure to the 
dirty limit with the doping of the nano-Al. The enhancement in the Jc(H) of the sample 
with the nano-Al doping is due to decrease in the anisotropy and increase in the volume 
pinning forces. The 2 % nano-Al doped sample between 15–30 K shows the highest Jc(H) 
among all the samples. 
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1. Introduction 
In the last decades, the MgB2 demonstrates itself 
as a promising candidate for the practical 
applications due to its simple crystal structure, 
large coherence length, relatively high-temperature 
(Tc) and economical cost. However, the high 
critical current (Jc) of the bulk materials in 
magnetic field plays an important role in high field 
industrial applications [1]. The existence of high Jc 
up to 106 A/cm2 has been reported in the lots of 
literature. The value of Jc in pure material abruptly 
decreases in the presence of a high magnetic field. 
The effective improvement in Jc has been noticed 
due to the increase of pinning centers served by 
grain boundaries. Enormous efforts have been 
accustomed in order to enhance the Jc under the 
magnetic field [2]–[8]. The nanoparticle doping is 
one of the methods to improve the poor grain 
connection in pure MgB2. Introducing more 
pinning centers in the pristine MgB2 sample, 
exclusively nano size inclusions, generally provides 
a strong pinning force. The magnitude of bulk 
pinning force density, Fp can be calculated by the 
critical current density and an applied field, 
cJ H . 
The Fp was recently used to analyze the nature of 
pinning behavior in the nano-Zn doped MgB2 
sample [9]. The Fp in the superconductor can be 
evaluated from the magnetization measurement at 
a particular temperature and is managed by the 
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presence of impurities and microstructure of the 
materials. Fietz and co-worker [10] proposed the 
following scaling law for the normalized pinning 
force density (1 ) ,p qf b b   where 
p p p,max( ) /f F b F F   is the normalized pinning 
force density, Fp,max is the maximum pinning force 
density, 
irr/b H H is the reduced field and Hirr is 
the irreversibility field where Jc practically 
becomes zero. The function Fp(b) shows a 
maximum value at /( ).peakb p p q   The 
exponents p and q are the characteristic for the 
prevailing pinning mechanism. Instantly, p is 
predicted to be 1/2 for grain boundary pinning or 
1 for normal point pinning, while q is same in both 
cases in this report. The study of the normalized 
volume pinning force as a function of field gives 
us the chance to know the behavior of the pinning 
mechanism in an individual case [11]. However, 
the MgB2 retains an intrinsic anisotropy in the 
presence of magnetic field [12], [13], the super-
currents never flow consistently because of the 
grain disorientation distribution on a sample 
surface. The clean grain boundaries not only drift 
the current in MgB2 [1] but also behave as effective 
pinning centers [14] and permit high currents in 
un-textured polycrystalline samples. Furthermore, 
secondary phases partly obstruct the current flow 
over the surface of the grains [15] and diminish the 
actual area over which the super-currents flow 
[16]. This problem is elaborated by the voids and 
secondary phases present over the surface of the 
grains that turn to inflate the current percolation, 
which is a usually inevitable result of the magnetic 
anisotropy [17]. 
The present study described the detailed analysis 
of the Jc and normalized pinning force, f as a 
function of magnetic field and temperature for 
nano Al doped MgB2 sample using the simple 
scaling law described above. The difference 
between the previous report [6] and present is that 
in the prior report only magnetic behavior have 
been analyzed but in the present report I have 
calculated the Jc as well as the pinning mechanism 
for nano Al doped MgB2. In order to examine the 
dominant pinning mechanism for nano Al doped 
MgB2 sample this scaling law describes the 
significant results. In addition, it is shown that 
peak in reduced field dependence of the 
normalized pinning force is extensively shifted to 
the lower field by the anisotropy. The nano-Al 
doping may also affect the grain growth, thus 
leading to an improvement in the Jc. 
2. Experimental Details 
Mg1−xAlxB2 with different doping levels (x = 0, 2, 
4, and 6 at. %) were synthesized by in-situ standard 
solid state reaction method under high vacuum as 
described elsewhere in detail [6]. The starting 
material powders (purity > 99%) were mixed in 
the stoichiometric ratio supplied by Sigma-
Aldrich. Here, the source of the nano-Al powder 
was nano-Al2O3. Finally, the bulk polycrystalline 
samples of the nano-Al doped MgB2 were 
achieved. The phase components were identified 
by the powder X-ray diffraction (XRD) 
measurement using Cu Kα radiation. The lattice 
parameters were calculated from the peak 
positions of the XRD plots. The transition 
temperature, Tc of the samples was determined by 
the temperature dependence of resistivity 
measurement using four-probe technique. The 
critical current density, Jc values were deduced 
from the hysteresis loop M(H) using Bean’s model. 
The DC magnetizations of these samples were 
measured using a PAR-4500 Vibrating Sample 
Magnetometer (VSM). 
3. Results and Discussion 
The x-ray diffraction (XRD) pattern of the doped 
and undoped MgB2 samples with different nano 
Al-concentration (0%, 2%, 4% and 6%) is shown 
in Figure 1. 
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Figure 1: XRD pattern of 0%, 2%, 4% and 6% 
nano-Al doped MgB2 (Color figure online) 
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All the sample shows the MgB2 as the dominant 
phase with minor impurity of MgO and un-reacted 
Mg. The Figure 1 of the present study indicates 
that MgO phase gradually decreased with the 
increasing doping level except the 6% sample. 
Thus, it concludes that the oxygen which comes 
from dopant is effectively removed during a 
powder mixing process. The value of a lattice 
parameter as well as c lattice parameter decreased 
with the increase of the nano Al doping 
concentration. The a lattice parameter decreased 
from 3.087–3.081 Å on the other hand the c lattice 
parameter suppressed from 3.524–3.350 Å. It is 
evident from these results that nano Al atoms 
partially occupied the sites of Mg in the MgB2 
matrix. It is furthermore necessary to study the 
effect of nano Al dopant on the temperature 
dependence of resistivity which is described in the 
Figure 2.  
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Figure 2: Temperature dependence of the 
resistivity of the nano-Al doped MgB2 samples. 
 
It is remarkable that the normal-state resistivities 
of all the samples are almost the same except the 
6% doped sample. The later might be distinct due 
to the formation of dominant impurity phase 
MgO at grain boundaries in this doped sample. 
The residual resistivity ratio (RRR) values shows 
the reduction from 3–1.82 with the increase of 
doping level. The temperature dependence of 
electrical resistivity of all the samples helps in 
order to understand the electron-phonon 
interaction, which is described by the Bloch-
Gruneisen integral [18]. The nano-Al substitution 
is further supported from the change in the Tc of 
the doped samples as shown in the Table 1. 
 
Table 1: Variation of a-lattice parameter, c-lattice 
parameter and transition temperature Tc with the 
nano-Al doped MgB2 
x(%) a(Å) c(Å) Tc(K) 
0.0 3.087 3.524 38 
2.0 3.085 3.522 36 
4.0 3.083 3.351 36 
6.0 3.081 3.350 35 
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Figure 3: Hysteresis loops of all the samples at 10 
K. Avalanches are observed at low doping levels 
(Color figure online) 
 
Figure 3 shows the hysteresis loops of all the 
samples at 10 K with a DC field. It is clear that the 
pure sample shows continuous hysteresis loop 
while the doped samples show sharp flux jumps 
below 2T. As shown in Figure 3 at 10K, the 6% 
sample exhibit the better M(H) behavior among all 
the samples. Zhao et al. [19] described that using a 
SQUID for magnetization measurements, 
avalanches vanish due to the very low speed of 
data acquisition. In order to further find out 
evidences, the magnetic field dependence of Jc at 
different temperature has been calculated under 
different doping level. 
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Figure 4 shows the magnetic field dependence of 
Jc at 10, 15, 20 and 30K for pure and nano Al-
doped MgB2 samples. It is evident from the figure 
that the value of Jc is gradually improved of 2% 
doped sample in the temperature range from 15–
30K. At 10K temperature, the 6% sample exhibit 
the better Jc(H) behavior among all the four 
samples. Furthermore, at 15K temperature, all the 
doped sample shows relatively same Jc value at 
lower field but when the field enhances the 
difference in Jc becomes comparatively enough as 
the prior. The 2% nano-Al doped sample offered 
the highest Jc at 15–30 K but not at 10 K because 
at lower temperatures (< 15 K), there might be 
some kind of cross-over taken place in the 2% 
sample. On the contrary, the pinning strength is a 
function of the temperature. For 2% sample, at 
lower temperature (< 15 K), the pinning is higher 
and at higher temperature (> 15 K) the pinning 
strength becomes weak and actual grain 
connectivity plays the role of carrying the current. 
This explains the cross-over of Jc plot around 15 
K for 2% nano-Al doped sample. Due to the flux 
avalanches (instabilities) in M(H) plot (some of 
them are reported elsewhere [6] ), there are some 
jumps reflected at 10K (nearby 1T) and 20K 
(nearby 3.5T) for 6% doped and pure sample, 
respectively as shown in the Figure 4. In addition, 
at 30K temperature the 4% and 6% Al doped 
sample depicts some jumps as well close to 0.25T 
field. There are two kinds of avalanches in 
superconductors, as pointed out by Altshuler and 
Johansen [20]. The first one refers to the 
dynamical driven avalanches, i.e., small isothermal 
avalanches related to the evolution of the critical 
state model. The second type refers to thermally 
driven avalanches, also called flux avalanches, and 
they are related to thermomagnetic instabilities, 
leading to a sudden penetration of flux in an 
approximately adiabatic process, as discussed by 
Mints and Rakhmanov [21]. One of the signatures 
of the flux avalanches is a jumpy behavior in M(H) 
curves, which named these phenomena as flux 
jumps. In order to further find out evidences, the 
normalized pinning force has been calculated as a 
function of reduced field under different doping 
level and temperature. It is remarkable that the 
critical field Jc is directly proportional to the Fp,max. 
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Figure 4: Magnetic field dependence of Jc at 
difference temperatures for Mg1−xAlxB2  
(Color figure online) 
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In order to study the characteristics of the pinning 
mechanism for different Al doped MgB2 samples, 
the normalized volume pinning force (Fp / Fp, max) 
as a function of reduced field (H/ Hirr) has been 
analyzed at different temperatures. The left 
column of the Figure 5 has shown the outcomes 
of these samples. 
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Figure 5: Normalized pinning force as a function of (left column) reduced field (H/Hirr) and (right column) 
modified reduced field (H/Hn). (Color figure online) 
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Table 2: The value of bpeak and bnpeak for all samples at different temperature 
T(K)/ x % 0% 2% 4% 6% 
bpeak bnpeak bpeak bnpeak bpeak bnpeak bpeak bnpeak 
10 0.151  0.285  0.161 0.341 0.167  0.353 0.181 0.366 
15 - 0.348  0.157 0.349 -  0.358 0.179 0.391 
20 0.149  0.326  0.152 0.332 0.166  0.333 0.177 0.336 
30 0.119  0.249  0.121 0.250 0.124  0.312 0.157 0.328 
 
It is evident from the Figure 5 that the dominant 
pinning occurs in undoped, 2% and 6% nano Al 
doped samples at different temperatures and 
follow the scaling law (1 )p qf b b  . In case of 
undoped sample the values of p and q are observed 
to be 0.55 and 2.75, respectively which is in 
agreement with the value of p and q for grain 
boundary pinning (p = 1/2 and q = 2). In case of 
2% and 6% Al doped samples the values of p are 
0.51 and 0.47 while the values of q are 2.73 and 
2.44, respectively. These values are still 
approaching to the grain boundary pinning. The 
4% sample shows the different behavior at 
different temperatures and does not coincide at all. 
The values of the p and q are still close to the grain 
boundary pinning in case of 4% sample but the 
disperse might be due to the fluctuation in the 
M(H) plot at lower Jc value.  
To understand the in-depth effect of the nano-Al 
doped MgB2 on the nature of pinning, the peak 
position in f (Fp / Fp, max) vs. H/Hirr plot has been 
taken into account which is indicated by bpeak here. 
In the isotropic materials, the Fmax occurs at bpeak 
= 0.2 for grain boundary pinning and bpeak = 0.33 
for point pinning. The shift of bpeak of the 
normalized volume pinning force depends not 
only on the dominant pinning mechanism but also 
on the anisotropy γ and on the percolation 
threshold pc. The effect of the anisotropy on 
scaling which generally gives the deviation of the 
peak position in the different pinning mechanism 
has been studied theoretically for pure MgB2 
system as proposed by the Eisterer [22]. He 
reported that the significant anisotropic changes 
occurs due to the field dependence of the volume 
pinning force in the polycrystalline samples. In the 
pure MgB2, the value of pc varies minutely (0.25 to 
0.30) but the value of γ alters between 1 (dirty 
limit) to 6 (clean limit). The maximum peak field 
value (bpeak) is hyper-sensitive to the anisotropy γ 
rather than percolation threshold pc. Therefore, 
analyzing the pinning behavior from the bpeak only 
without prior knowledge of γ and pc is challenging 
using the scaling law where b = H / Hirr is involved. 
To reduce this difficulty, Eisterer has proposed the 
modified scaling law to study the pinning 
mechanism in bulk samples in which anisotropy γ 
and percolation threshold pc has minor effect on 
peak field position. In this new law f is plotted as 
a function of normalized field bnpeak = H / Hn where 
Hn is the field at which the pinning force becomes 
half of Fp, max value. He theoretically explained that 
the peak position shifts very slightly, 3% only in 
case of grain boundary pinning (bnpeak = 0.341 to 
0.352) and 6% in case of the point pinning (bnpeak 
= 0.465 to 0.491) from clean to dirty sample 
respectively in both conditions. It is easily possible 
to distinguish between grain boundary pinning 
and point pinning from just the difference of peak 
field position (0.341 to 0.465), which differ by 
nearly 36%. The new scaling scheme for nano-Al 
doped MgB2 sample is mentioned in the right 
column of Figure 5, which articulates the better 
overlapping of the data acquisition for different 
temperatures. The values of bpeak and bnpeak which 
shows the peak position in H/Hirr and H/Hn plot, 
respectively are exposed in Table 2 for different 
samples at different temperatures. Eisterer has 
revealed that bpeak or bnpeak shift towards lower field 
value as the anisotropy enhances. Due to large flux 
avalanche (instability) in M(H) plot at 15K in pure 
and 4% doped sample, the data is absent at 15K in 
f vs. reduced field plot for these samples. From 
Figure 5 and Table 2 as well, it is evident that the 
grain boundary pinning is the dominant pinning 
mechanism in all the four samples at different 
temperature. Table 2 clearly shows the 
enhancement of bpeak value in the Al-doped 
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samples in comparison with pure sample. This 
represents that nano Al2O3 has decreased the 
magnetic anisotropy from pure to dirty limit. It is 
notable that as the Al doping increases the sample 
becomes less anisotropic, on the contrary the pure 
sample is highly anisotropic in nature.  
4. Conclusion 
With the help of hysteresis loop, the Jc(H) was 
calculated for all the doped and undoped samples 
at different temperatures. Among all the samples 
the 2% doped sample reveals the highest Jc(H) at 
all the temperatures except 10K. The normalized 
pinning force density as a function of reduced 
field was calculated by two scaling ways as 
discussed by the Fietz et al. and Eisterer. It was 
confirmed that all samples show grain boundary 
pinning. At last, the value of bpeak and bnpeak for all 
samples at different temperatures has been 
tabulated. The increase in the value of the bpeak 
with the nano Al doping denotes that the doping 
decreases the anisotropy of the samples. These 
bpeak values are responsible for grain boundary 
pinning. Furthermore, it can be concluded that 
the suppression in the anisotropy is partially 
accountable for the enhancement of the Jc(H) 
values. 
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